SIZE EFFECTS IN PB-ALLOY JOSEPHSON-JUNCTIONS by DELUCA, JC
Size effects in Pb-alloy Josephson junctions 
J. C. Deluca, C. C. Chi, C. C. Tsuei, and A. Davidson 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 
(Received 3 October 1983; accepted for publication 13 January 1983) 
Five Pb-alloy Josephson junctions of various sizes were fabricated together and variations in their 
electrical parameters were studied. The dependence of the excess current on the junction 
geometric dimensions is demonstrated. As the area to perimeter ratio of the junction is increased, 
there is a proportional decrease in excess current density. A simple analysis indicates that there is 
an insignificant contribution to excess current through the interior planar area of the junction 
with most of the excess current generated at the edges. 
PACS numbers: 85.25. + k, 74.50. + r, 74.70. - b, 81.40.Rs 
INTRODUCTION 
A major factor determining packing density in current 
computer technology is device dimensions. Miniaturization 
is one technique used to increase the density of circuits and 
some of the problems associated with this approach have 
been identified. It is well known, for example, that on-chip 
power dissipation increases resulting in detrimental heating 
effects as circuits are decreased in size. Josephson techno-
logy offers a possible solution to this problem since it allows 
the transfer of heat directly from chips into a liquid coolant 
bath. I Another paper2 reports that current density depends 
on size, being lower for smaller area junctions. The authors 
attribute their results to the backscattering of insulating ma-
terial into the junction interior during rf oxidation. Outside 
of these results nothing could be found in current literature 
regarding the effects of junction size on electrical parameters 
which affect device performance. 
The object of this paper is to report on the electrical 
parameters of Pb-alloy Josephson junctions as a function of 
size. The focus shall be on the variations found in the excess 
current as the junction size is changed. The excess current 
for five junctions of different rectangular sizes and fabricated 
together is determined by fitting experimental data for each 
junction to a theoretical BCS curve. The remainder after 
subtraction of the theoretical curve from the experimental 
curve gives values of excess current through each ofthe junc-
tions. Since these junctions were fabricated together and are 
in close proximity we expect variations in normalized excess 
current to be due to different geometries, not to different 
barrier characteristics.3 A simple model to account for the 
results will be discussed. 
EXPERIMENT 
Figure 1 depicts the experimental configuration em-
ployed in this study. Five Josephson junctions supported by 
a silicon chip are shown on the left side of the figure. The 
junctions are approximately rectangular in shape and la-
beled in increasing size from 11 to JS (see Table I for the area 
and perimeter of each). A Pb-Bi counter electrode, delineat-
ed as a staircase like structure, is common to all junctions. 
PblnAu base electrodes are shown as part of separate con-
ductor lines extending from the junction area and terminat-
ing at square Pb pads labeled PI through PS in the figure. The 
silicon chip is mounted on a 16 pin ceramic header. One end 
of two gold contact leads are thermally bonded to each Pb 
pad and the other ends soldered to individual header pin 
connections. The header is mounted on a low temperature 
rod which is inserted into a dewar system maintained at a 
temperature of 4.2 K. 
Current voltage (1- V) characteristics are obtained for 
each of the five junctions at 4.2 K using a four probe tech-
nique. Also, a 124A PAR lock-in amplifier was used to ob-
tain a differentiated I-V curve for each junction. The differ-
entiated curve is a plot of (d V / dI) - I vs V, as shown in Fig. 2. 
Lastly, the critical temperature Tc for both the PblnAu base 
electrode and the PbBi counter electrode was determined. 
All measurements were performed with the supercurrent 
suppressed by an external magnetic field. 
RESULTS AND DISCUSSION 
Figure 2 shows how values of the sum and difference of 
the energy gap parameters A I and A 2 are defined. The values 
obtained for A I and A 2 were used to calculate the gap smear-
ing factor 0..1 1/..1 I = 0..1 2/..12 for each junction. These values 
of 0..1 /..1 were used as a first try at fitting to a theoretical BCS 
curve after first normalizing the data to the normal state 
tunneling resistance R nn • It is well known that an ideal BCS 
1-V curve without any gap smearing factor has sharp struc-
tures, i.e., logarithmic singularities at V = (A I - ..1 2 )1e and a 
discontinuous jump at J- V = (A I + ..1 2)1 e, which are not al-
ways observed for real junctions. A small amount of gap 
smearing due to either gap anisotropy in the electrodes or the 
finite life time of quasiparticles would be sufficient to remove 
those sharp structures. Usually the calculated 1-V curve is 
~PblnAU BASE ELECTRODE 
FIG. 1. Graphical picture of experiment showing five junctions of different 
size and external electrical connections. 
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TABLE I. Electrical parameters as a function of junction size. 
Junction A P PIA 
(f.lAlf.lm') (I'm') (I'm) (I'm-I) 
JJ 12.2 14.1 1.16 
12 22.5 19.1 0.85 
J3 36.5 242 0.66 
J4 50.9 28.6 0.56 
J5 69.7 33.5 0.48 
"MTIA at 2 mY. 
b{jJTIPat 2 mY. 
not very sensitive to the detailed distribution of the gap as 
long as it is singly peaked. For simplicity, we have used a 
symmetric triangular distribution of gap with the peak value 
being the averaged gap.d and 8.d being the full width at half 
maximum. Table II lists the calculated values of (o.d l.d )c 
and compares them with the actual values of o.d l.d used to 
obtain the best agreement with theory (o.d l.d )T' Most of the 
difference can be accounted for by the fact that we had to fit 
with a finite gap smearing, not zero gap smearing as assumed 
in BCS theory. Also the definition of o.d l.d is different ex-
perimentally than that used in the program to calculate (o.d I 
.d )T' 
Figures 3 and 4 show experimental 1-V curves fitted to a 
theoretical BCS 1-V curve for the smallest area junction J 1 
and the largest area junction J5, respectively. Note that 11 
has the poorest fit and J5 the best fit to the theoretical curve 
and that J 1 has the lowest V m (~24) and J 5 the highest V m 
(~43). Data including V m for all five junctions are listed in 
Table I. The quality factor V m = 2101 Ix, where 10 is the 
critical current and Ix the current at 2 mY. Of interest is the 
trend of V m to increase with decreasing ratio of junction 
(a) 
FIG. 2. Differentiated J- V curve is shown in (b) indicating defined values of 
..:ll +..:l, and..:l l -..:l,. 
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Rnn Vm MrIA" liJ,IP" 
(n) (mY) (f.lAlf.lm') ("AII'm) 
21.5 24.0 165.8 143 
17.8 28.8 124.8 147 
8.3 33.6 104.8 159 
5.0 38.2 85.2 152 
3.1 43.4 64.8 135 
perimeter to area PIA, suggesting that edge effects play a 
major role in junction performance. The energy gap ratio 
2.d I K B Tc obtained from the best theoretical fit is compared 
to experimental values in Table II. The sum and difference of 
the superconductor energy gaps.d 1 +.d 2 and.d 1 -.d 2 were 
obtained for each junction from the energy gap ratios and 
theoretical versus experimental values are also listed in Ta-
ble II. In the worst case, the difference between theoretical 
and experimental values is less than 10%. These results tend 
to confirm that the fitting process chosen is reasonable. 
A point by point subtraction of a BeS 1-V curve from an 
experimental 1- V curve was done for each of the five Joseph-
son junctions 11-J5. Typical results ae found in Fig. 5 which 
shows the total excess current density 81D = OIT IA deter-
mined at 2 m V as a function of voltage after subtraction of 
the BeS curve from the experimental curve of junction 5, 
shown in Fig. 4. The total excess current density has a peak 
at Vp ~ 2.52 mY with a maximum value of 0.274 mA. By 
virtue of our 1-V curve-fitting criterion, i.e., trying to obtain 
the best fit in the voltage range of(.d 1 + .d 2 )1e and higher, we 
cannot attribute too much importance to the peak voltage. 
Fitting to a model including a parallel resistance yielded un-
satisfactory results so that the leakage current, shown in Fig. 
5, cannot be attributed to a normal resistive short in the 
junction. 
That the excess current density is negative in the neigh-
borhood of V = (.d 1 -.d 2)1 e may be quite interesting. A 
larger gap smearing factor in the theoretical 1- V curve calcu-
lation could improve the fitting at V = (.d 1 - .d 2 )le but 
would spoil the fitting at V = (.d 1 + .d 2 )1e, and since the 
shape at the difference of the gaps is also sensitive to the 
density of the excited quasipartic1es, it may be that the nega-
tive excess current is due to nonequilibrium current injec-
tion4 or other non-BeS tunneling.5 Data for the other junc-
tions are summarized in Table I which shows values for 01 TI 
A at 2 mY. The largest perimeter junction J5 has the lowest 
values of excesS current density while J 1, the smallest perim-
eter junction, has the highest. In Fig. 6 OlD is plotted against 
PIA, where P is the perimeter of the junction in lim and A the 
area of the junction in lim 2• Also, V m is plotted against PIA 
in the same figure showing the relationship between 01 T I A 
and V
m
; namely, the higher the excess current density the 
lower is V m and vice versa. 
From these results, a simple model can be devised 
whereby any excess current through the planar surface area 
of the junction is defined as 811 and any excess current due to 
the edges is defined as 012 : 
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TABLE II. Comparison of experimental and theoretical junction characteristics as a function of junction size. 
Junction (8LI 1.1 )c (liL1 1.1 )r .1,+.1,-
Jl 0.165 0.125 2.75 
12 0.160 0.115 2.75 
13 0.145 0.109 2.75 
J4 0.130 0.106 2.75 
J5 0.120 0.90 2.79 
• Experiment at 4.2 K. 
b Theoretical calculations: Tel = 8.0 K; Tc2 = 6.6 K. 
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FIG. 3. BCS and data curves for junction JI. 
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FIG. 4. BCS and data curves for junction J5. 
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.1, - .1 2' 
0.22 
0.23 
0.28 
0.33 
0.44 
.1, - L1 2b 2.L1,IK8Tc' • 2.1 /K8 Tel b 2.121 K8 Tc2 ' 2L121K8 Tc> b 
0.13 4.29 4.31 4.60 4.76 
0.18 4.32 4.35 4.41 4.65 
0.30 4.38 4.42 4.34 4.30 
0.36 4.46 4.49 4.26 4.17 
0.41 4.56 4.53 4.17 4.08 
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FIG. 5. Excess current density for junction 15. 
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FIG. 6. Excess current density and Vm as a function of PIA. 
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(I) 
fjJ2 = a 2P, 
where the a's are to be determined for each junction. The 
total excess current 8fT is then given by 
fjJT = fjJJ + fjJ2 = aJA + a 2P, 
fjJT P 
--=-a2+ a l' A A 
fjJT A 
--=a2 +-a!. P P 
(2) 
(3) 
Referring again to Fig. 6, an almost linear dependence is 
observed for the data points when fjJ D is plotted against P / A 
with the curve approximately intercepting the origin show-
ing that a I ~ O. Hence, little excess current flows through 
the interior planar surface of the junction and most of the 
excess current must be at the edges with a2~ 147 f-lA/f-lm. 
Reenforcing this interpretation are values of fjJ T / P calculat-
ed from Eq. (3) which are listed in Table I. To within -10% 
fjJ T/ P is a constant for the five junctions studied. Pinholes 
through the surface of the barrier oxide or some other similar 
mechanism was thought to be the primary contributor to the 
deviation found in experimental f- V curves from that pre-
dicted from the BCS theory. I This does not appear to be the 
case in these junctions; nearly all the excess current occurs 
around the edges instead. 
A previous paper6 shows the spatial variation of the 
Josephson critical current density deduced from the magnet-
ic field dependence of the total critical current. This study 
compliments the scaling of the excess quasiparticle tunnel-
3822 J. Appl. Phys., Vol. 55, No.1 0, 15 May 1984 
ing currents with junction geometry presented here. Future 
research should encompass both approaches on the same set 
of linear junctions. 
SUMMARY 
Varying the size ofPb-alloy Josephson junctions affects 
all electrical parameters with Vm increasing as size in-
creases. The excess current increases approximately linearly 
as junctions are made smaller. Edge effects are more serious 
and lead to greater deviations from BCS theory. 
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